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TOP1~X/POSIHDON  ORBIT ACQUISITION MANEUVER
SI]QU]{;N~~*

Ramachandra S. Bhatt,  Bruce E. Shapiro*, and Raymond. B. Frauenholz**
Jet Propulsion tiboratory, California Institute of Technology, Pasadena, CA, 91109

A sequence of six mancmvcrs was implcxmcnted  over a 42-day period following
(1w launch of the TOPEX/POSEIDON satclliLc on Augusl 10, 1992 to acquire an
orbit compatible with oceanographic data acquisition requircmcnL$ as soon as
possible, These maneuvers raised and circulariml  the orbi~  rcrnovcd  inclination
errors irnpartcd  by Lhc launch vchiclc,  acquired froz,cn orbit conditions, and
synchronized the ground track with an exact repeat rcfcrcncc grid which
overflies two vcrifica[ion  sites. Initial maneuver scqucncc  design incorporated
the best pm-launch execution error cstimalcs.  Observed rnancuvcr performance
characteristics were incorporated into tic error model and the remaining
scqucncc  was redesigned aflcr each maneuver. Accurate maneuver performance
evaluation used a newly developed tcchniquc  based on the mean clcnlcnK.
Maneuver magnitudes were determined to an accuracy of Ixmcr than 0.2 mrnls
and precise thruster recalibration was possible after each maneuver. Maneuver
sequence design was adaptable to uncxpcctcd schcilu]e  changes and
accommodated additional satellite operational health and welfare constraints and
was coordinated with initial satellite startup and calibration procedures. A
backup was designed for each nlancuvcr  to accommodate Lhc possibility of
operational delays, and was used for the first  maneuver. The six-maneuver Orbit
Acquisition Phase was successfully completed on Scpmmbcr 2.1, 1992,
providing a smooth transition to the Orbit Maintcnancc I%asc.

INTRO1)UCTION

TOPEX/POSEII>ON  is a joint  lJS/Frcnchtt  mission designed to study global ocean
circulation and its interaction with the atmosphere to better understand the Earth’s climate. 1 This
goal is accomplished utilizing a combination of satellite altimetry data and precision orbit
dctcrmina[ion  to prcciscly  dctcrminc ocean surface topography. ‘1’o facilitate this process the
salcllitc is rnaintaincd  in a nearly circular, frozen orbit (c = 0.000095 and 0)=90”) at an altitude of
=1336 km and an inclination of i = 66.04°. ~’his  provides an cxacl rc~:t ground t rack every 127
revolutions (=9.9 days) and ovcrftics  two altimeter verification sites. 7 hc satellite was latmchcd
by an Arianc 42P on August 10, 1992 and injcctcd  into a nearly circular= 1322 km orbit wiLh i =

* The work dcscribd in this paper was carried out by the Jet Propulsion Laboratory, California lnstilutc
of Technology, under contract with the National Aeronautics and Space Administration.

I Mcm~r Technical Staff, Navigation Systems $klion.
$ Member Technical Smff, Navigation sy~tcnls  s~tionm Mcnlbcr  AAS, Mcrnbcr AJAA.
** Technical Manager, Navigation Systems Section. Member AlAA.
t i I“hc mission is jointly funded by Lhc US National Acronaulics  and Space Administration (NASA) and

the French Ccntrc  National drf:tudcs  Spatialcs  (CNliS).
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66.08” al 23:27:05 U1’C, approximately 19 min. 57 scc after Iif[off.  “1’hc injection orbit was
biased to provided frequent opportunities for marrcuvcr scqucnccs  which would phase snloothly
into the rcfcrcncc ground track, as WCII  as to avoid the possibility of a collision with the third
stage of the launch vchiclc. To begin tirncly altimeter data acquisition, mission objectives
required that  the operational orbit be acquired in the minimum practical amount of time.3

‘1’hc satellite was built by the Fairchild Space Company (FS) under contract [o the Jet
Propulsion I.aboratory (JPI.). JP1, is rcsponsib]c for conducting all satellite mission operations
including operational navigation. Operational orbit dcLcrmination  using radiornctric  data acquired
via the NASA ~“racking and Data Relay Satellite Systcm (TDRSS) is providcd4  by the Flight
Dynamics Facility (FDF) of NASA’s Goddard Space Flight Center (GSFC). Early orbit
determination solutions based upon Deep Space Network (DSN) tracking data were also
provided. All satellite commands originate at the Payload Operations Control Center (POCC)
which is located at JPI.. While continuous interaction bctwccn all satellite operations teams is
ncccssary to successfully exccutc  any maneuver sequence, this paper is limited to Ihc activities
pcrfonncd  by the Navigation Team (NAVT). Other teams arc responsible for COmmalld
validation, sequencing, uplink,  and vcrilication.

This paper dcscribcs  the design, implementation, and evaluation of the
7’01’EX/POSWDON operational orbit acquisition maneuver scqucncc.  ~’hc adaptive nature of
the rnancuvcr scqucncc dcsi.grl,  which was able to easily accomrnodalc schcdulc changes arrd
additional satellite constraints, is prcscn[cd. Finally, a brief dcscripticm  of the maneuver
evaluation process is provided and the performance of each maneuver of the scqucncc is
illustrated.

ORl\IT  REQUIREMENTS

7’hc operational l’OPEX/POSEIDON orbit is summatizcd  in Table 1. This orbit was
defined to produce a ground track which repeats after every 127 orbits (=9.9 days) and ovcrftics
both verification sites in tic absence of non-gravitational perturbations. The operational orbit is
rc,fcrrcd to as the re~crence  orbit and the Kcplcrian  clcmcnts describing this orbit arc called the
rcfcrcncc elerncnt.v. The ascending node crossing longitudes of the rcfcrcncc  orbit dcfrnc lhc
reference grid. ~’hc orbit acquisition maneuver scqucncc was designed with the rcfcrcncc
clcmcnts and the rcfcrcncc grid as target parameters.

The operational orbit was initially designed to meet the scientific rcquircmcnts with a
scrni-analytical trajectory program in the prcscncc  of a 17x17 truncation of the GEM12 earth
gravity ficld,5f’  and was later rcfincd7 with a precision numerical integration using a 20x20
truncation of GEMT3.8 The operational orbit is a nearly circular frozen orbit at an altitude of
=1336 km and an inclination of i=66.04”.  The equatorial distance bctwccn  two conscculivc
ascending nodes of the rcfcrcncc  orbit is =3156  km and there arc 10 rcfcrcncc  tracks bctwccn any
two consecutive cquatonal  ascending node crossings.

Early orbit determination solutions had epochs of separation (August 10, 1992 at
~3:27:50  UTc) and Were  provided  by the ~L)~ q]proximatcly  4, 5.5, 7.5, 9, 20, and 36 hours after
injection. I’hc injection orbit was WC1l established by the 20 hours (1.+-20)  solution. ‘t’hc 1.+36
hour solution was used to design the initial maneuver scqucncc based on the achicvcd  injection
orbit.  The cxpcctcd and achieved mean orbital clcmcntsg  at injection arc also shown in ‘t’able 1.
The achicvcd  semi-major axis was =2.5 km lCSS than expcctcd. The mean apogee and pcngcc
altitudes were 1326 km and 1319 km, rcspcctivcly, placing the achicvcd  injection orbit inside the
operational orbit, as shown in Fig. 1. The nodal period was =1 8.5 sccs lCSS than that of the
opcraliona] orbit, and the inclination 41,6 mdcg  higher, rcquinng  a plane change correction of
AV=S.2 m/s (Fig. 2). ‘rhc ground track of the injection orbit had an eastward drift of= 108.08



knl/day with rcspec[ to the refcrcncc. I“his provided a synchronizing opportunity once every =2.9
days.

Table 1
Reference and injection mean orbital elements. hjection

occurred at 23:27:50 UTC on Aug. 10, 1992.

Expected
Injection

Parameter Orbit

a, km 7703.056
e x 10-6 772

a 6.4”
.*

1 66.0400°

tN, SCC 6730.83

Achicvcd
Injection

Orbit

7700.547
485
7.8

66.0816”

6727.60

Rcfcrcncc Required
(Operational) Parameter Required

Orbit Change AV

7714.429 13.882 6.4 mls
95 390 **

90.0” 82.2” **

66.0400° 0.0416 5.2 m/s

6745.75 18.15

OPERATIONA1. ORBIT
Pcrigcz Altitude= 1335.6 km lNJECI’JON  O~B1l’

Perigee Alti[udc  =]319 km

&eending

INJECTION ORBIT
Apogee Altitude =1326 km OPERATIONAL ORBIT

Apogee Altitude = 1337.0 km

Figure  1. In-plane geometry of the injection orbit in relationship to the operational orbit.

7“hc purpose of the orbit acquisition maneuver sequcncc  was to acquire the operational
orbit as quickly as possible, subject to all operational and satellite health and safety constraints,
and provide a smooth transition to the orbit maintenance phase. Each maneuver in the scqucncc
was individually targeted to an intermediate set of mean orbital parameters in such a way that the
scqucncc of post-maneuver orbits convcrgcd on the operational orbit  and the ground track was
corrcctl y phased. The first orbit of the 127-revolution ground track repetition cycle was defined
to have an ascending node at 99.92” E longitude. t Individual orbits within a cycle arc numbered
consccutivcl  y starling at this node (rev. 1 through mv. 127). Succcssivc  cycles arc numbered for
rcferencc  purposes so that Cycle 1 was the first complctc  =9.9 day cycle starting with rev. 1
following acquisition of the operational orbit. Orbit maintenance rnancuvers  arc required to be

* Gravity mean value. The gravity rncan value is dctcrmiacd  by eliminating all 3rd body periodic
gravitational perturbations (i.e. Iuni-solar  gravity) with periods shorter than 1000 days. The normal mean
inclination varies about the gravity mean value duc to these third body perturbations. Thus the gravity
mc.an inclination was used as the target parameter.
** No special rnanc.uvcrs  were specifically required to change c and w m these parameters were changed in
conjunction with the Aa maneuvers.
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pc.rformcd at the transition bctwccn cycles (5 1 orbit). I’hc final rnancuvcr of the acquisition
scc~ucncc  was designed so that the rcsidua]  ground Lrldck  drift rate would carry the ground track to
eastern edge of the *1 km wide control band on the date of the first schcdulc  orbit rnaintcnance
maneuver. Consequently, the last fcw maneuvers of the sequcncc were progressively smaller in
rnagnitudc  as the orbit was tine tuned.

[-””-’” “-Injection Orbit
i = 66.0816”L

Figure 2. Injection and operational orbits.

SAI”EI,I.ITE CIIARACTERISTICS

‘I’he ‘J’OPEX/POSEIDON satellite bus consists of a NASA standard Multi-mission
Modular Spacecraf[  (MMS) modified to meet mission requirements and a l’OPEX/POSElDON-
spccific instrument module (SCC Fig. 5, below). Other noticeable features include a =2 meter
stccrablc  high-gain antenna used for TDRS communications, two omnidirectional DSN antennas,
a global positioning systcm (GIYS) demonstration antenna at the cnd of a 12-fl boom, and a
dominant 28m2, continuously stccrablc  4-panel solar array. ‘l”he seven payload instruments
consist of four operational sensors (a dual frequency radar altimeter, a microwave radiornctcr,  a
laser-ranging rctro-reflector array, and a DORIS dual Doppler tracking systcm rcccivcr),  two
experimental sensors (a single-frequency solid-state radar altirnctcr and the GPS demonstration
mccivcr),  and a frequency rc’fcrcncc  unit.

The propulsion module (Fig. 3) is a mono-propellant hydrazinc  blow-down SyStCIll
consisting of twelve 1 -nt (0.2 lbf) and four 22-nt (5-lbo  thrusters. It was designed to provide
sufficient thrust and directional control to meet all orbit adjustment and maintenance maneuver
rcquircmcnts,  including related attitude control. The propellant tank was fully loaded a few hourx
prior to launch to provide a total AV equivalent to =172 nl/s. The systcm is capable of
implcrncnting  maneuvers bctwccn 0.013 n~m/s  and 15 m/s.3,10  ~“hc.  22-nt  thrusters and four of the
1 -nt thrusters arc mounted on the aft facing of the satellite. [.argc orbit adjustment rnancuvcrs
(>400 n]rn/see) were performed using the 22-nt thrusters. Smaller maneuvers (< 400 mrnkc),
such as the final  two mancuvcm  of the orbit acquisition sequcncc,  were performed using four 1 -nt
thrusters. Orbit maintenance maneuvcm, which arc much smaller, (typically <10 nlnl/see) use. a
single pair of 1 -nt thrusters.
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The Center of Mass (CM) of the satellite dots not coincide wiLh the center of body
cocmlinates  duc to the location of the solar panel as illustrated in Fig. 3. ‘t”hc orbit adjust thrusters
were canted  prior to the launch to align the thrust  vector with the prcdictcd  CM. Each of these
thrusters is oricnlcd  axially along the x-axis and individually canted to bc aligned through the CM
at the beginning of Iifc when the propellant tanks arc full. “lhc remaining eight 1 -nt thruslcrs  arc
J]l OunlCd normal to the satellite x-axis to provide a[titudc control about any of the three body axes.

t+Y (PITCH)
4’1

c

REM D
+X (ROLL; INTO PAPER)

Figure 3. ‘1’hruster  orientation.

CAN-J’
ANGLE

Maneuver efficiency was expected to be ICSS than 100% because of thruster duty cycling.
Dynamic simulations12  indicated that the worst-case maucuvcr  cffrcicncy using an open loop
,firing  pattern’ (O1,FP) would bc =60%. Although it was dccidcd not to usc the 01 H’ to avoid
Iargc excitations, the observed efficiency always cxcccdcd  60% for large maneuvers and 85% for
small maneuvers. ~hangcs  in the cxpcctcd maneuver efficiency shift the ccntroid of the bum
away from the planned lime.  The maneuver design was insensitive to changes in the maneuver
ccntroid time.]]

The three-axis stabilized spacecraft utilizes nearly continuous sinusoidal yaw stccnng and
solar array pitching for optimal solar-array pointing. In addition, the solar array normal is offset
from the true sun line  to control battery charging. To correctly orient the thrusters for maneuver
execution, yaw steering must be temporarily suspended and the satellite slcwed  before and after
the thrusters arc fired, The yaw turn is accomplished using only reaction wheels. The turn
duration varies depending on the initial yaw rate and turn angle (=20 min to =70 rein). Fig. 4
illtrs[ratcs  the “h]m-bum-tum”  scqucncc used to perform an orbit adjustment rnancuvcr:

1. Suspend nominal attitude control and yaw steering.
2. Slew the satellite to the bias attitude which accounts for the cants of the

thrusters and the desired thrust directions. In-plane maneuvers arc performed
with the thrust vector approximately aligned with the velocity vector, and
purely out-of-plane maneuvers with the thrust vector approximately
perpendicular to the plane of the orbit.

-.. . . .——— .—

* With  an OL,FP, axial thrusters arc off-pulsed to account for anticipated disturbance torques imparlcd by
dlrLIStCr/CCIl[  cr-Of-nlass offsets. If the established pitch or yaw angle or rate control limits arc excccdcd,
orbi[ adjustment thruslcrs  and the 0[.FP arc disabled, and the 1 -nt thrus[crs  arc used to reestablish altitude
control. The maneuver is rcsurncd  as soon as atlitudc  control is rccstablishcd.
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3.
4.
5,
6.
7.
8,
9.

10.
11.

For large maneuvers (requiring the 2’2-n[ [hrusters),  park the llGA.
For large maneuvers, rotalc the solar array (o a W or ‘270° pitch position.
Stop solar array pitching.
Exccutc  the AV,
Rcduec  altitude rates induced by the AV thrusting.
Unwind the at[itudc.
Return the solar array to sun pointing.
Resume solar array pitching.
Return attitude control to normal mission mode.

Figure 4. Maneuver turn-burn-turn sequence.

OPIcRATIC)NAL,  CONSTRAINTS

Operational constraints were initially dcvclopcd  in consultation with all operational teams
and were modified to incorporate the lessons which were learned during the prc-launch
simulation and training excrciscs. “rhc cons[rain~s  which guided us to design the orbit acquisition
maneuver scqucncc are:

1.

2.

3.

4.

‘5-.

The first maneuver was used m c:ilibratc lhc 22-nt  thruslcrs. This maneuver
was in-plane and contributed to the rctargeting  process. The maneuver
magnitude was constrained bc bctwccn =2 m/s and =5 n~/s.

A baseline 7-7-6 -6-6-6 maneuver activity timclinc  was established.

The maneuver ccntmid time was standardized between 10:00 AM and 2:00
PM Pacific Daylight Time (PDT). ~’hc time varied within this window to
acquire the frozen values for e and w.

The maneuver was constrained 10 occur during a TDRS view period. The
IIGA is used for small maneuvers, anti the omnis for large maneuvers.

L,argc maneuvers were also cons[raincd by omni-antenna obscuration (due to
HGA and GPS an[cnna  blockwgc) and partial covcragc  zones.
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6.

7.

8.

9.

A single backup rnancuvcr was designed for each maneuver to provide quick
recovery of the sequence following non-satellite operational delays. ‘1’hc
backup was schcdulcd to occur from three to six days following the nominal
maneuver time, and was designed to minimize the length of total orbit
acquisition sequcncz.

Do not schedule two maneuvers in the same orbit or within two consecutive
orbits duc to power and thermal constraints.

~“hc last maneuver in the sequence was to provide a smooth transition to the
orbit maintenance phase.

The remainder of the maneuver sequence was to be redesigned following each
maneuver to reflect the observed maneuver performance, actual post-
mancuvcr orbit, and modified crmr execution model,

. .

-------

Omni
Partial
Coverage.
7me

1)

Local Ilori70natal  Plane !Iori?onlal  Plane 7. (yaw)

Figure 5. Omnidirectional antenna obscuration.

All satellite communication and control utilize one of the two operational TDRS
satellites. During normal operations, the HGA is used for this communication link. The on-board
computer (OBC) sends commands [o slew the HGA to point toward the correct TDRS and
continuously steers the HGA during each TDRS communication. However, it was planned to use
the omni antennas during the Iargcr maneuvers which might sufficiently disturb the satellite
attitude to interrupt communication. I’hc HGA was thus brought to the parking pxition (Fig. 5)
before every large maneuver. Additionally, the omni antenna may be obscurvd  at times by either
the HGA or GPS antennas or booms. During these obscuration periods, the communication link
may bc lost for a period of time from =5 to =10 minutes in dura[ion,  during which time
maneuvers were not permitted,
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‘1’tm communication link was lost a fcw times during the calibration maneuver bccausc
the it was implerncnlcd  during the omni zone of partial -covcragc. The Partial covcragc zone is
lhc area between *10° in elevation with rcs~ct  to the roll-pitch satellite-fixed plane and forms a
circular disc around the satellite. Conscclucntly  an additional constraint was imposed during
subsequent maneuvers with 22-nt thnrstcrs  to avoid [hc partial covcragc  ~.onc.

MAN E(JV13R  DESIGN PROCl?I)IJRJi

Maneuver scqucncc dcsigil  was performed utili~.ing  the orbit Acquisition Maneuver
Software (OAMS).  OAMS is derived from @I’ARG, ]3 and incorporates an arraly[ic mean
clcmcnt propagator including perturbations duc to Earth oblatcncss,  luni-solar gravity, and
impulsive maneuvers. The propagation algorithm utiliz.cs  a zona] Earth field to J20 and the same
rc.currcncc  relationships for the gcopotcntial field and luni-solar gravity as GTARCJ. Maneuver
scqucncc  validation was performed with the DPl”RAJ  precision numerical intcgratioll  software.
Df~’RAJ  uscs a predictor-corrector integrator with automalic slcp size control and models all
known pcrnlrbations.’4  ’]5

OAMS is essentially an analylic orbit propagator which allows for the execution of a
single impulsive maneuver which is performed at a specific location (defined in terms of its
arg,umcnt of latitude u) within a particular orbit. The analytic propagation tcchniquc allows
OAMS to bc rapid and efficient yet still reasonably accurate. Its dynamic model includes card]
gravity and luni-solar pcrturbatiorrs  but ignores drag as its effect (at [hc TOPEX/POSI;lDON
altitude) is negligible over the period bctwccn successive orbit acquisition rnancuvcrs (six to
seven days). Although some consideration was given to including a targeting algorithm, such as a
diffcrcn(ial corwction  schcmc which iterates on the maneuver scqucncc,  such a tool was not
gcncratcd duc to budgetary constraints. However, the manual iteration required did not prove to
bc a significant limitation. ‘1’hc rapidity of calculations which may be pcrforrncd  with OAMS
allows for the exploration of numerous maneuver altcmativcs  and the design of an entire
bcmtstrappcd  maneuver scqucncc  in =2 to =5 hours.

As with GTARG, OAMS takes as its input the standard Kcplcrian mean clcrncnts and
then translates thcm intcmall y to a frame which is non-singular near c = 0, using ~ = ecos (o,
q : esin (0 , and [. = M + o in place of the usual clcmcnts c, m, and M. Since lhc objcc[ivc  of the

rnancuvcr  scqucncc  design was to phase the ground track with [hc rcfcrcncc  grid, OAMS prints
a table  showing the diffcmncc  bctwccn the actual and rcfcrcncc  equatorial crossing longitudes as
a func[ion of Lime (once pcr orbit). An impulsive maneuver of a desired magnitude arid direction
is exccutc(i  at a spccificd u and [bc propagation then continues using pos[-rn:iucuvcr  orbital
paramclcrs.

The evolution of Lhc ground track phasing from injection 10 the operational orbit is
rcprescntcd in terms of the ground track drift rate and the history of ascending node crossing
longitudes. ‘1’hc basic in-plane sequcnec  design equation is

(1)

where 2D is the ncl cquatonal ground track change, di is the ground trdck relative drift rate aflcr
maneuver i, and {i is the time of maneuver i. Changes in the ground track drift rate were
accomplished through maneuvers which were implcmcntcd  at prc-dctcrmincd times. “1’hc aclual
positioning of the maneuver in the orbit was sclcclcd  to adjust the eccentricity vector. Given a
target rcfcrencc  track the initial value of ID was dctcrmincd. Each maneuver was designed
inctividuall  y and the scqucncc chcckcd with cq. (1) 10 verify ground track phasing. Parametric
variables for successive iterations of the scqucncc were (a) selection of the Iargct rcfcrcncc track,
(b) the maneuver magnitudes, and (c) the number of mancuvctx. Out-of-plane maneuvers were



ctcsigncd indcpcndcndy.  The ground track drift during the out-of-plane maneuvers and the
cxpcctcd in-plane error components duc to the out-of-plane maneuvers were also taken into
account in designing the rest of the scqucncc. TIN result was a minimum duration maneuver
scqucncc phasing the ground track to within 41 km of the rcfcrencc.

~’hc in-plane rnancuvcr magnitudes were adaptive in nature. After cacb rnancuvcr,  the
remainder of the sequcncc was rcdcsigncd using updated error models and absorbing the
cxc.cution  error of the previous maneuver. I.argcr rnancuvers (> 400 n~n~/see) were implcrncnted
earlier. A “shoot-short” strategy, in which each maneuver was designed incorporating i3a
execution crrom so that the resulting ground track would not cross the target rcfcrcncc  track prior
m the subsequent in-plane maneuver. In this way the ground track approached the [:irSci from
onc direction.

Each sequence was simulated in DP1’RAJ after it was designed with OAMS. Finite
thrust maneuvcm and all force models were utilized by this precision numcncal integration. The
prcdictcd post-maneuver mean clcmcnts  and nodal crossings gcncratcd by DMRAJ were used to
valiciatc  the maneuver design. As OAMS was calibrated with DPTRAJ prior to launch, it was
never ncccssary to modify the maneuver magnitude as a result of this verification proccdurc.
“1’hcsc validated maneuver paramctcrx (AV magnitude and rnancuvcr ccntroid time) arc rcfcrrcd  to
as the idcol maneuver parameters.

While the maneuver parameters arc dctcrrnincd  as an ideal AV magnitude and dircc[ion,
the OBC commands arc spcciflcd  as quantized thruster-on durations. This conversion from the
ideal maneuver parameters into Lhc commandabk  maneuver parameters is pcrformc(i  by the
Satellite Pcrformancc Analysis Team (SPAT). l’hc commandablc  maneuver duration is then
convcrtcd back into AV units by SPAT and returned to the NAVT. The commandablc  AV
magnitude is again verified using DPTRAJ prior to final maneuver implementation approval.

I’hc principle error sources during orbit acquisition maneuver scqucncc design were
injection and maneuver execution errors. Operational orbit determination uncertainties were
negligible compared to these errors and hcrrcc were ncglcctcd  during lhc scqucncc design.’ Once
[hc injection orbit was WCII dctcrmincd,  only rnancuvcr  execution errors were considered for the
remainder of the design process. I’hc error mcrdcl  which was used prior to launch]~ is
summarized in Table 2.

Although the pre-launch navigational design incorporated pointing errors, these were not
considered after launch as they were accounted for in the command in]plcmcntatioli process
(which is not performed by the NAW). The first four maneuver were implcmcntcd using four
22-nt thrusters and the last two using four l-nt thrusters, The errors were dominated by the
proportional AV error, which is proportional to the maneuver magnitude. The fixed error
accounts for quantization  errors, thrust ramp-up and mpcatability,  and other errors which arc
indcpcndcnt  of maneuver duration, and was not changed during the acquisition period. Aflcr the
first maneuver utilizing the 22-nt thrusters, the proportional error was rcduccd  from 10% to 5V0,
and to 3% for subsequent maneuvers. After the first rnaneuvcr using the 1 -nt thrusters, their
proportional errors were also reduced to 3V0 ba.scd  on their observed performance.

* Duc to their high precision, the same can not be said of orbit rnaintcnancc rnancuvcrs.  For these later
maneuvers, maneuver execution, orbit dctcrrnination, and drag prediction errors arc all of comparable
magnitude.



Table 2
Prc-launch rnancuvcr  execution error model,

22-N I“hrustcrs 1 -N l’hrustcrs
Aflcr 1 St After 1st

Pararnctcr 1 S[ Maneuver Maneuver 1st Maneuver Maneuver
AV (Proportional) 1070 570 1 o% 5940 “-

AV (fixed) 16 n~m/scc~ 16 mn~/scc~ 0.4 mm/see** 0.4 rnm/see**
Pointing error (IItch) 3.5” 2“ 3.5” 2°
Pointing error (Yaw) 3.s” 2“ 3.5” 2°

MANEUVER PERFORMANCE EVAI.UATION

Maneuver cxcctrtion  accuracy rcquircmcnls,  which were dctcrmincd  jointly by the NAVT
and I:DI:,  were dictated by the need to phase the ground track with a minimum nurnbcr of
rnancuvcrs. lhc accuracy rcquircmcni  is a function of maneuver magnitude and improved
accuracy was nccdcd  for smaller rnancuvcrs (AV < 100 n~n~/see). It was dctcrmincd that such
m ancuvcrs required a precision of 10,2 nlm/.sec.4

Maneuver evaluation is based upon a comparison of pre-maneuver and post-maneuver
orbit determination (OD) rcwdts. The FDF uscs different procedures for evaluating larger (> 100
nlm/see) and srnallcr  (< 100 n]m/see) rnancuvcrs.  Prc-maneuver and post-maneuver OD solutions
arc dctcrmincd at the epoch of the maneuver ccntroid, The velocities arc then diffcrcnced  to
obtain the rnancuvcr magnitude. The diffcrcncc  bctwccn the two methods is that spatially
constrained OD solutions are used in evaluating smaller maneuvers. This proccdurc was verified
by simulating a null maneuver (0.0 nm~/s)  and showing the results to bc smaller than 0.2 n~nl/scc.

A different method is used by the NAVT at JPL. ‘l’his  analytical tcchniquc uscs prc-
mancuvcr  and post-maneuver mean clenlcr]ts9  al the same epoch. The change in the Kcplcnan
rncan clcmcnts is a function of maneuver magnitude and direction. By solving for this
relationship, the rnancuvcr  performance is calculated. Assuming impulsive thrusts, the velocity
change can bc expressed vcctorally as

[1[1AV, F,

Ati  =. A V , = F, At= ~At

AVC 1:

where the subscripts r, [, and c refer to the radial, lransvcrsc, and normal directions, }:’ is the
acceleration and Ar is the thrust duration.

The changes in the mean Kcplcrian  clcmcnts duc to a rnancuvcr is given by17

.-. — ..— . ..— — —. — .-
t [Jou~ tt]rus[cr  manc,uvcr.
** 1’WO thruster maneuver.
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[
Aa = ~ AVr esinf  +Av a

T
1;
o

1 - e2

n l - e2

J ““--1-- e~

[ ( )1

~2
Ae = —-—— AVrsinf+ AV, g l-e2 -—-

na er a2

(3)

(4)

r cos u
Ai z AVC ————

r

(5)
na2 1-. e2

A!2 =- AVC
r sin u

f-----”

(6)
na2 1 – e2 sini

whew r is the radial distance of the satellite, u = co+f is the argument of latitude, and ~is the true
anomaly. Eqs. (3) through (8) arc simplified by assuming a nearly circular orbit (e <c 0.005) and
only keeping terms to first order in e.

Aa=~
[

AVr e sin f -i AVt ~
n 1

[ [ )1~2
Ae=~ AVrsinf+AVt~ l-—-

na a 2

(9)

(10)

Ai = AVC 7 (11)
na

AG2 = AVC ‘;n,u (12)
na sln i

1
A[o=– —

[ ( 1
AVr COS f - AV, 1 -t ;- sin f + AVC ~(ecot  i sin u) 1 (13)

nae

AM=&[AV,(cosf-~)-AV,  (l+~)sinf] (14)

Eqs. (9) and (10) can bc combined to give AV, as a function of Au and Ae, cq. (11) gives AV, as
a function of Ai, and cqs. (13) and (14) can bc combined to give AV, as a function of A(IL AM,
and AVC. The result is

AV, = :(AcI - 2aeAe) (15)

AVC =-@-Ai
rcosi

(16)

Avr ..- d (A@+ ~)-~AVCSinU.Oli (17)
2r
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I:qs. (15) through (17) are used for maneuver evaluation, Prior to launch, this proccdurc was
validated by DVI’RAJ simulations of finite maneuvers and by comparison with the results of
simulations pcrfommd by FDF. A typical example is given in Table 3. This example simulates
an in-plane two-thruster maneuver (AV = 2.0 mm/see) of 2.5 scc duration starting at 02:00:00
LJ1’C on June 16, 1993. Two trajectory files were .gencratcd  with DPTRAJ,  but only onc of these
files con[aincd the maneuver. All force models were utilized and frni(c-maneuvers were
simulated. S&atcs were cxtractcd  from both of these files at the same epoch, 02:00:04  U1’C (just
after maneuver bum-out time). These two states were converted to mean clcrncnts representing
the prc-rnancuvcr  and post-mancttvcr  states. Taking the differences in the mean elcrncnts, the
components of velocity change were computed using cqs. (15) through (17). The results of all
simulations performed matched the FDF results and demonstrated that this tcchniquc had a
precision better than the required M12 mn~/s  accuracy in maneuver evaluation.

Table 3.
Typical mam.wver  simulation as described in the text.

Prc-Mar]cuvcr Posl-Mancuvc.r
Parameter Orbit Orbit Diffcrcncc

a, km 7714.42635 7714.43064 4.29296 X 10-3

t? 0.0000717 0.0000714 -4.761 X 10-7

i 66.04195” 66.04195° -2.489 X 10-9

!2 331.4360s” 331.43605” -3.675 X 10-9

@ 64.84102” 64.50293” -0.26680
M 229.38652” 229.72461 “ 0.26680

AV, mn]/scc --- --- 2.00017

This tcchniquc  was successfully used during t}lc orbii Acquisition Phase and bct[cr than
3.0.2  mn~/s  accuracy was achicvcd for all maneuvers including inclination changes. This prccisc
maneuver evaluation helped to minimize the number of maneuvers and to successfully phase the
ground track with a smooth transition to the operational phase. ‘1’hc results of Lhc analytic
tcchniquc agreed closely with the FDF evaluation. For example, the two methods agreed 10
within 0.04 mm/see for the TRM maneuver (NAVT AV=74.O mm/see, F’DF AV=74 .03 mm/see).

MANEUVER SEQUENCE 1MPI.EMEN’I’ATION

As rnancuver  implcrncntation  was complex detailed operational procedures were
instituted to ensure that all activities were performed correctly and in the proper scqucncc.  An
initial 5-5-4 -4-4-- - activity tirnclinc,” dcvclopcd  in cooperation with all other tcarns,r i was found
via prc-launch  simulation and training cxcrciscs  [o have insufficient spacing bctwccn  rnancuvcm
for all mission support activities to be complctcd. Conscqucnt]y the procedures were revised and
a 7-7-6-6-6- - - activity timclinc  was ~doptcd as the final basclir]c  activity tirnclinc. AII
operationally feasible 3-day to 6-day delay backup philosophy was also dctcrrnincd  to acquire the
operational orbit.

—..

* l’hc numbers indicate the spacing in days between consecutive maneuvers. Thus wilh a 5-5-4 -4-4-4
scqucnc.c tirnclinc, tbc firsL  maneuver is performed 5 ch?ys afLer launch, lhc second maneuver 10 days after
launch, and all subsequent maneuvers at 4-day intervals. The toral number of maneuvers in Ibc ]r)llial
design was seven rather than six to allow for an additional inclination [rim maneuver, which was not
required. The initial timcline  required that all maneuvers bc performed 3:(KI  PM PDT (f. 1 orbit); with Lbc.
f’in:il  tirnclinc  this was revised to 12:00  Noon (t 1 orbit).
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Prior to launch, the baseline sequence was designed incorporating the best-known pre-
launch maneuver execution estimates’6 and an injection error rnodcl which was based upoJl  dala
provided by Arianc.18 ?’hc baseline sequence had seven maneuvers including calibration,
inclination, and inclination trim maneuvers (Fig. 6). ‘t”hc  number of maneuvers in the sequence is
a function of the size of injection and execution errors. I 1 potcn[ia]]y  large irtjcclion inclination
errors and simulated attitude pointing errors were projcctcd  and incorporated into this baseline
design. I“hc inclination-trim maneuver was included to remove any residual inclination errors
which resulted from the other maneuvers. The scqucncc  design was consistent with all
operational constraints and met all requirements. It correctly phased the ground track and
achicvcd  the frozen ofiit in 44 days. A “shoot-short” strategy was applied to avoid a penalty in
terms of extra days required to achicvc the operational orbit under the cxpectcd worst-case
execution errors.

Prc-I.aunch  Plan (44 Days) OMM 1 (1 0/9/92),------=?~uCAL INC
2.925 9.310
mls mls

,

ORBIT Irnplementcd Sequence (42 Days)
I NJEC’HON CA1. INC IPM1 IPM2 ][>M3 TRM

3.118 5.134 922 1.978 321.85 74
m s m s mmls n]ls mm/s n m3/s

● id

J3EG1N  Cyc]c  1(9/23/92)
?!Mission Elapsed Time (days)

OMM1 (10/13/9 )

02468

I s I , I 1 1 1
4-44i-4wM’L’!~’  ri2’l::ri/118/i3  8/!5  8/b 8/9 8 1 8 3 8 5

I

Injection Epoch = Aug. 10, 1992 at 23:27:50 UIC IPM1 = lnplane Mamuver
INC = Inclination Maneuver

lNCT=  Inclirwicm Trim Maneuver
OMM. Orbit Maintcnancc Maneuver
lRM = Trim Maneuver

Figure 6. Maneuver sequence design and execution.

After launch, the maneuver sequcncc  was m-designed  using the achicvcd  injection orbit
and the pm-launch execution error model. ‘1’hc  achicvcd  inclination was 41 mdcg higher than the
operational orbit inclination, and required AV = 5.2 m/s for correction, approximately one-half of
(1IC inclination change allowed for in the baseline design. Pointing errors were ncglcctcd during
maneuver design, but were accounted during the command implementation process. ‘1’hc
inclination-trim maneuver bccarnc  unnecessary. The updated scqucncc  required only six
maneuvers and would have rcachcd the operational orbit in 38 days.

Primary and back-up scqucnccs  were designed for each maneuver. Operational
constraints require the scheduling of the back-up maneuver with a delay of between three and six
days and the remaining maneuvers in the sequence at the same spacing as originally planned (Fig.
7). It only became necessary to delay a maneuver once. This occurred once, with the calibration
maneuver. Duc a time correlation inconsistency bctwccn  the satellite and the ground segment,
the first maneuver was delayed approximately 3 days. The rest of the scqucncc  procccdcd  along a
10-7 -6-6-6-7 timclinc.

13



Nominal CAL Scqucxicc
CA1. INC IPM1

1 a 1

Backup  CAI,  Sequcncc

CAL B/U INC IPM1

1 I I I 1 I I 1 I I I I 1 I I I 1 I
‘7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Mission Elapsed Time (Days)

Figure7.  Scheduling a delayed maneuver.

All maneuver designs were adaptive to last-moment adjustments in the maneuver ccntmid times.
These shifts occurred to avoid uncxpcctcd  operational problems, principal y duc to sudden
changes in TDRS covcragc,  usually duc to the cmcrgcncy  coverage rcquircmcnts of other
satellites or to support STS landing operations. For example, the ccntroid  of maneuver IPM1 was
moved ncar]y  17“ (F’igurc  8) to adapt to changes in 7’1>1{S  covcragc, resulting in poor targeting
of the eccentricity vector (e, (I)). However, the target ccemtricity  vector was achicvcd by the
modification of subsequent maneuvers. Changes required in the other maneuvers were minor
were easily adapted to. ”

[-

. . . . . .

7103.4 kn,

‘“ “-”-’-”77- /- ------

[--”-

Pre 1PM] Pen,..

\/
77C0.3 km

r

[-- . . . . . . . . . . . . . . . . . .

Implcmcn(ed  IPM1 Iocadon
10 accofnmodam last minute

change in I1)RSS  scheduling

\

/lr”lAscendin~ Node
I

/ IL

“+.=zT+~=’-l
Figure 8. 1.ast moment change in In-I’lane Maneuver 1 (1PM 1) implementation.
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Duc to the low level of injection errors actually achicvcd  and the highly accurate and
rcpcatablc  lCVCIS of thrust provided by the on-board propulsion systcm, the orbit acquisition
maneuver scqucnee was complctcd  two days sooner and with onc fewer mancuvcm than planned
(after only 42 days). This was despite the fact than the first maneuver was delayed three days, the
corresponding backup scquencc  performed, and conservative execution error estimates were used
for the sequence design although satellite performance was cxccllcnt.  Subsequent to the
completion of the maneuver scqucncc  satellite operations made a smooth transition to the orbit
main[cnancc  phase.

The implcmcntcd  scqucncc  contained six mancuvcm  and rcachcd  the operational orbit in
42 days (Fig. 9(a)). The calibration maneuver (CA1.) was implcmcntcd on IOth day of the
mission. The four large maneuvers using 22-nt thrusters were complctcd  by in-plane maneuver’ 2
(IPM2) in 29 days utilizing a 10-7-6-6 timclinc. ‘I’he first rnancuvcr (CAI.) was performed
primarily to calibrate the four 22-N thruslcrs. The ideal maneuver CAI. magnitude was 3000.00
mnl/s and the corresponding comma ndablc maneuver magnitude was 3002.03 n~m/s  (Table 4).
Maneuver performance was nearly 490 higher than cxpcctcd.  The second maneuver consisted of
an out-of-plane inclination change maneuver (INC) which almost completely removed the
inclination error irnpartcd by the launch vchiclc.  Pcrforrnance was bctlcr than cxpcctcd  (-1.270)
~hcrcby eliminating the need for an inclination trim maneuver. l’hc pcrfo~anccs  of in-plane
maneuver 1 (1PM]) and in-plane maneuver 2 (IPM2) were better than onc pcrccrw

Table 4
Summtiry  of h’lancuver I’crformance. All AV’S are expressed in mndscc and

utilized four thrusters.

Commanded Achieved
Maneuver. Date (1992) Thrusters Ideal AV AV AV Error—.

CAI.. Aug. 20 22-Nt 3000.00 3002.03 3118,75 +3.9qo
INC hI& 27 22-Nt 5200.00 5195.42 5134.14 -1. 2%

1PM] Sept. 2 22-Nt 920.00 919.87 921.68 +0.2
IPM2. Sept. 8 22- N[ 1 g~~.oo 1979.75 1978.62 -0.1 %

1PM3 Sept. 14 l-Nt 320.00 319.97 32.1.85 -t 0.6%

I’RM Sept. 21 l-Nt 74.00 74.03 74.00 nil

In-plane maneuver 3 (IPM3) was the first maneuver to bc implcmcntcd  using 1 -nt
[hrLIS(CI’S. The prc-launch  error model was used to design IPM3. Maneuver results were
cxcclleni,  with better than onc percent errors, proving the baseline error model to bc overly
conservative (Table 4). The resulting ground track drift rate was 1.4 knl/day, which was slightly
sm allcr than required to perform the trim maneuver (TRM) six days later, and conscqucntl  y the
TRM was pcrfom~cd  seven days after IPM3. The performance of the TRM was cxccllcnt  and the
error was almost nil. The acquisition scqucncc  was cmmplctcd  following the ‘1’RM  on Scptcmbcr
21, 1992, 42 days after launch, with the satellite in the operational orbit and the ground track
phased with the rcfcrcnce.

‘I”hc  ground track phasing process is shown in Fig. 9(b). ‘1’hc large maneuvers (AV >400
mm/see) which used the 22-nt thrusters rcduccd the drift rate from =108.08 km/day to =6.7
kn~/day. The drift rate after IPM3 was =1.4 km/day and was lower than cxpcctcd. The TRM
m ancuvcr reduced the drift rate to ncarl y zero (=136 m/day). The TKM rnancuvcr  was designed
so that the post maneuver drift ra~c would provide a smooth transition to the orbit maintenance
phase, with the first ground  track maintenance maneuver (OMM 1 ) to bc performed on Oct. 13,
1992,
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Figure9.  (a) Ground track synchronization, (b) driflrate  rcduction,and  (c) semi-major

axis history.

‘I’he single out-of-plane maneuver did not conmibutctorai  sing thcorbit orphasingthc
ground track, Its purpose was to remove theinclination  errorimparted  by thclaunchvchiclc.  All
in-plane maneuvers contributed to raising the semi-major axis (Fig. 9c)and to achicvcthcfrozcrr
orbit(Fig.  10). Thcorbit wasnearly  operatiorml  by IPM2but  bothIPM3arrd  TRMwcrercquircd
to rcfincthe semi-major axis and thcececntricity  vector, and to bring the ground track withinthc
control band. The achieved orbit aftcrthc  TRM mancuvcr  met all tolerance rcquircmcrrts, as
shown in table 5.

‘t’hc ground track followir~gthc  TRM rnancuvcrwas =1.65  krn west ofthcrcfcrerlcc and
drifting slowly eastward, at =136 m/day asillustratcd  in Fig. 11. Itcntcrcd  thccontrol  band and
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was approaching the eastern edge by lhc transilicrn  bc[wccn  repeal cycles 2 and 3, providing a
smooth transition to the orbit maintenance phase. orbit maintenance maneuver 1 (OMM 1 ) was
performed on Oct. 13, 1992.

Table S.
Achieved orbit at the end of the orbit acquisition maneuver sequence.

Rcfcrencc Achicvcd
Mean Element Value TolcranW Value Diffcrcncc

a, km 7714.429 --- 7714.412 -0.017

Cx 10”6 95 4.50 137 42

6) 90.0’ *15.0” 92.3° 2.3”
.*

1 66.040” io.0030” 66.041° 0.001”
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Figure 10. Acquisition of the frozen orbit.
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Figure 11. Ground track at the end of the orbit acquisition maneuver sequence.
—.
* Gravity mean inclination.
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(: ONCl,  LJS1ONS

The TOPEX/POSEIIJON acquisition maneuver scqucncc was complctcd in 42 days.
l’his process removed injection errors, raised the orbit, and dccrcascd  the eccentricity to reach the
operational orbit while phasing the ground track to within *1 km of the rcfcrcncc.  l’hc
acquisition period was extended by three days duc to operational delays in implementing the first
rnancuvcr.  The inclination trim maneuver was unnecessary due to the low injection mom which
were imparted by the launch vehicle. A new maneuver evaluation tcchniquc was developed,
validated, and used during the orbit acquisition phme. Maneuvers were evaluated to a precision
of better than 0.2 mm/see. SatclIitc performance was cxccllcnt throughout duc to prccisc
calibration of thrusters. While a conservative error model was used throughout, a much tighter
error budget could have been permitted and this would have eliminated onc maneuver. Pointing
errors were significantly smaller than cxpcctcd  (<< 1.OO) even though open loop firing tables were
not ulilizcd.

?“hc orbit acquisition maneuver scqucncc  rccluircd six maneuvers. These included onc for
calibration, one out-of-plane maneuver to corrccl the inclination, and four additional in-plane
rnancuvcrs  to raise the semi-rnajor axis, dccrcasc the ccccnlricity, rotate the Iinc of apsidcs,  and
phase the ground track. All maneuvers were performed at logistically convenient times during
normal working hours. The sequence implemented corresponded to a 10-7 -6-6-6-7 tirneline  and
was robust enough to respond to ncw calibration factors and scheduling changes in a timely
fashion without operational delays. All operational rcquircmcnts were met and no constraints
were violated. Aflcr the scqucncc was completed, a smooth transition was made to the orbil
rnain~cnancc phase.
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